Abstract:
Introduction
Conversion of carbon monoxide with water vapor (WGS) (Reaction 1) is one of the essential reactions that run parallel to other chemical processes such as: methanol synthesis, Fisher-Tropsh synthesis, reforming of natural gas and many others [1, 2] .
The increased interest in the WGS reaction is associated with fuel cells research that has developed because of the possibility of using this technology in portable or domestic energy production. Other reasons for interest in the WGS reaction include production of hydrogen and CO purification [3] .
WGS is a reversible and exothermic reaction that runs in the presence of a catalyst in the temperature range 200 -450°C [4] .
CO + H 2 O ↔ CO 2 + H 2 ∆H = -41.1 kJ mol -1
(1)
Using an appropriate excess of water vapor during the reaction allows one to shift the equilibrium state of WGS reaction in the direction of product formation, however, there typically remains 0.3 -3.5% CO in the converted gas.
The major competing reactions running parallel to WGS reaction are CO (Reaction 2) or CO 2 (Reaction 3) methanation [5] 
Conventional WGS catalysts belong to the Fe-Cr system used in high temperature process and Cu-Zn-Al catalyst used in low temperature process [6] . Commercial catalysts Cu/ZnO/Al 2 O 3 exhibit the highest rate per unit of volume but they suffer from poor stability under constant startup-shutdown conditions and at high temperatures. Therefore, in the last decades much attention has been paid to noble metals such as Ru [7] and Pd [8] as they are active components of supported catalyst used in WGS reaction. These catalysts are more robust, but exhibit lower activity in the WGS reaction in comparison with the Cu/ZnO/Al 2 O 3 system.
It has been suggested that Ni-based catalysts could be used as alternative catalysts [9, 10] in exothermic reactions because of their high heat-conductivity that facilitates control of the heat of reaction and allows
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Comparative studies of Pd, Ru, Ni, Cu/ZnAl 2 O 4 catalysts for the water gas shift reaction a higher catalytic conversion to be maintained with isothermal conditions in the catalyst bed. Lee et al. [10] reported that a Ni catalyst pre-treated by an oxidation and reduction process showed superior activity for CO removal via the water gas shift reaction (WGS) and methanation reactions (MTN).
The main goal of this study is to correlate the physicochemical properties of M/ZnAl 2 O 4 (M = Cu, Pd, Ru, Ni) catalysts with their activity in the WGS reaction. To achieve this, we prepared various monometallic catalysts by a conventional impregnation method. The physicochemical properties of the catalysts were examined by BET, XRD, TPD-NH 3 , TPR-H 2 and chemisorption methods. The results of these characterization tests were correlated with WGS catalytic properties. Catalytic activity tests of the WGS reaction were carried out under atmospheric pressure at the temperature range 120-420°C using a quartz flow microreactor.
Experimental procedure

Catalyst preparation
Monometallic catalysts supported on spinel structure ZnAl 2 O 4 were prepared by wetness impregnation method. The binary oxide ZnAl 2 O 4 (molar ratio Zn:Al = 0.5) was prepared by a co-precipitation method. Aqueous solutions of 1 M zinc acetate and 1 M aluminium nitrate were mixed in appreciate quantity under vigorous stirring at 80°C. A concentrated ammonia solution was then added by dropwise addition until the pH reached values between 10 and 11 and the mixtures were stirred for another 30 min. The resulting fine precipitates were washed two times in deionized water and then dried at 120°C for 15 h and subsequently calcined for 3 h in air at 600°C.
The metal phase (Cu, Pd, Ru, Ni) was introduced onto the support surface by wetness impregnation method using an aqueous solution of the corresponding nitrate. Then the supported catalysts were dried at 120°C and finally calcined for 4h in air at 400°C to decompose nitrates. The metal loading was as follows: 20% wt. Cu, 2% wt. (Pd, Ru), 5% wt. Ni.
Methods of catalyst characterization
Specific surface area and porosity (BET)
The specific surface area and porosity of the catalysts and their supports were determined with automatic sorptometer Sorptomatic 1900. Samples were prepared at 250°C and 12 h evacuation followed by low temperature nitrogen adsorption-desorption measurements were carried out using BET, liquid N 2 method.
Temperature programmed reduction (TPR-H 2 )
The TPR-H 2 measurements were carried out in an automatic TPR system (Altamira AMI-1) in the temperature range 25-900°C with linear heating rate 10°C min -1 . Samples (weight about 0.1 g) were reduced in a hydrogen stream (5% H 2 -95% Ar) with a gas flow rate of 40 cm 3 per minute. The hydrogen consumption was monitored by a thermal conductivity detector.
XRD measurements
Room temperature powder X-ray diffraction patterns were collected using a PANalytical X'Pert Pro MPD diffractometer in Bragg-Brentano reflecting geometry. Copper CuK α radiation from a sealed tube was utilized. Data were collected in the range of 5-90° 2θ with step 0.0167° and exposure time per step of 27 s. Due to the fact that raw diffraction data contain some noise, the background during the analysis was subtracted using a Sonneveld, E.J. and Visser algorithm. The data was then smoothed using a cubic polynomial. All calculations were performed with X'Pert HighScore Plus computer program.
Chemisorption measurements
Carbon monoxide or hydrogen chemisorption uptakes were measured by static equilibrium CO or H 2 chemisorption method at a temperature of 30°C using an ASAP 2020C apparatus from Micromeritics (USA). All catalysts were degassed and reduced in situ prior to CO or H 2 chemisorption. Degassing of approximately 0.5 g of catalyst was performed in a helium atmosphere at different temperatures depending on the catalyst for 1 h. Reduction was carried out in a hydrogen atmosphere at different temperatures depending on the metal catalyst for 1 h.
Catalytic activity test
The catalytic activity in the water gas shift reaction was measured in a quartz flow microreactor. About 0.2 g of catalyst was loaded into a microreactor for the catalytic measurements. The reaction conditions were as follows: reaction temperature 200-420°C, ratio of H 2 O:CO = 2.5:1, flow rate 40 cm 3 min -1 , atmospheric pressure. The catalytic activities are averages of three measurements and were determined after 2 h of time on stream. The activity tests were performed for catalysts after calcination at 400°C and for catalytic systems which were calcined at 400°C in air for 4 h and then reduced at 350°C for 1h in pure hydrogen in the case of Pd, Ru and Ni catalysts. Only copper catalyst was reduced in a reducing mixture 5% H 2 -95% Ar at 300°C for 1h in under atmospheric pressure. The analysis of the reaction products was carried out using an on-line gas chromatograph equipped with a TCD detector (120°C, 130 mA), and Carbopshere 60/80 (90°C) column. CO conversion was calculated by the following equation:
Results and discussion
The results of specific surface area measurements of various monometallic catalysts and dispersion degree of the metallic phase are given in Table 1 . The highest specific surface area and the highest value of dispersion degree of metallic phase had palladium (BET = 91 m 2 g -1 , Metal dispersion 42%) catalyst. Other catalytic systems exhibited significantly lower values of specific surface area and the degree of metal dispersion in comparison to palladium catalyst.
Phase composition
The phase composition study of various metal catalysts (i.e., Cu, Pd, Ru, Ni) supported on the spinel structure was also studied in this work. The X-ray patterns of monometallic catalysts after calcinations at 400°C and after reduction in pure hydrogen at 350°C in the case of Pd, Ru, Ni, and after reduction at 300°C in a mixture of 5%H 2 -95%Ar in the case of copper-supported catalyst are shown in Fig. 1 and Fig. 2 , respectively.
The XRD measurements performed for various metal catalysts calcined at 400°C are given in Fig. 1 . On the diffraction curves recorded for monometallic Cu, Pd, Ru, Ni, we can easily distinguish reflections coming from a spinel phase structure. Phase composition study of ZnAl 2 O 4 after calcination at 600°C confirmed the formation of spinel structure phase ZnAl 2 O 4 (spinel structure-AB 2 X 4 -the compounds related to A II B III 2 X 4 system -where A -metal, B -three -valency element, X -halogen including oxygen) [11] [12] [13] .
On the diffraction curves recorded for copper and ruthenium catalysts, we observed CuO [12] and RuO 2 phases, respectively. The lack of detectable crystal metal oxide phases in the case of Pd catalyst indirectly confirms a high dispersion degree of PdO on the ZnAl 2 O 4 surface (see Table 1 ).
Similar results related to Pd catalysts were obtained by Cubeiro et al. [14] . The authors investigated the phase composition of calcined Pd/ZnO catalysts with various loadings. They observed that in the case of palladium catalysts containing 2% wt. or less Pd, no PdO phase detected. This result may be due to its high dispersion degree on the ZnO surface.
However, in the case of nickel supported catalyst, the lack of detectable crystal phase of NiO in the The diffraction patterns of various metal catalysts after reduction process carried out at different conditions are given in Fig. 2 . On the diffraction curves recorded for copper, ruthenium and palladium systems we can observe new reflections coming from Cu, Ru and intermetallic PdZn phases (see Fig. 2 Phase composition studies of Pd/ZnO catalysts were performed by Karim et al. [15] . They studied palladium catalysts after calcination and reduction at various temperatures. They reported that catalysts reduced at low temperature (150°C) in H 2 showed a coexistence of monometallic Pd and PdZn intermetallic particles. Higher temperature reduction (400°C) led to complete transformation of Pd into the PdZn alloy.
Cubeiro et al.
[14] also investigated the composition of Pd/ZnO catalysts and they observed that reduction of the catalytic system at 300°C caused the PdZn intermetallic compound formation.
Reduction studies
The reducibility of catalysts was examined by temperature-programmed reduction (TPR-H 2 ). TPR profiles of various transition metal catalysts supported on spinel structure are shown in Fig. 3 . The TPR profiles of monometallic catalysts showed one or two hydrogen consumption peaks for all systems.
The TPR profile of copper supported catalysts showed two partially resolved effects connected to two different reactions of copper oxide reduction. Cu, while catalysts with higher copper loading exhibited a two-step reduction. They claimed that the first peak represented the reduction of highly dispersed copper oxide, while the second peak was assigned to the reduction of a CuO crystal phase. On the reduction profile recorded for Ni catalysts, we can easily observe two reduction stages. The first one, situated in the temperature range 300-400°C, is associated with NiO surface species reduction, while the second profile located in the high temperature region is attributed to the reduction of NiAl 2 O 4 . Phase composition studies of 5% Ni/ZnAl 2 O 4 catalyst after reduction at 350°C in pure hydrogen showed that this reduction temperature is not sufficient for NiAl 2 O 4 reduction. This agrees with our TPR results [19] . In our previous work we studied the reduction of 5%Ni/ catalysts supported on Al 2 O 3 , where we also observed two reduction stages. The reduction peak located at low temperature, beginning at 300°C, was associated with the reduction of free nickel oxide species. The second peak observed above 600°C is assigned to reduction of nickel aluminate [20] .
Lee et al. [21] investigated the reduction behavior of 10% Ni/Al 2 O 3 supported catalysts prepared using an impregnation method and they observed a high temperature hydrogen consumption effect related to the reduction of the NiAl 2 O 4 spinel phase. The formation of NiAl 2 O 4 during calcinations was confirmed using the XRD technique.
The reduction curve of ruthenium catalysts showed two partially resolved hydrogen consumption peaks. The first reduction stage, located at 180°C, is attributed to RuO 2 reduction to RuO according to the equation:
The second reduction peak can be assigned to RuO reduction to metallic Ru according to the following equation:
The lack of high temperature reduction profiles for ruthenium catalyst confirm the lack of a stronger interaction between ruthenium oxide and the support.
The reduction behavior of Ru/α-Al 2 O 3 catalysts was studied by Nurunnabi et al. [22] . They observed also two reduction peaks situated at about 180 and 210°C. It can be assumed that these two hydrogen consumption peaks are assigned to the reduction of RuO 2 to RuO and RuO to Ru 0 , respectively. H 2 -TPR profiles recorded for 2% Pd/ZnAl 2 O 4 catalysts are characterized by two hydrogen consumption peaks situated at about 30 and 80°C. The first profile can be attributed to the reduction of highly dispersed palladium oxide which is slowly reduced at room temperatures. The second reduction peak indicates reduction of small palladium crystallites interacting with the surface of ZnAl 2 O 4 .
Cubeiro et al. [14] studied the reduction behavior of Pd/ZnO catalysts. The authors claimed that PdO is an easily reducible oxide, even at room temperature. They also observed a low temperature reduction profile (30-150°C) which was assigned to the reduction of PdO to Pd metal.
Catalytic activity
The influence of different metals and the reduction process (reduction in pure hydrogen or 5% H 2 -95% Ar reduction mixture depend on the catalyst) on the activity in the water gas shift reaction was studied. The temperature characteristics of the catalytic activity of M/ZnAl 2 O 4 supported catalysts (where M = Pd, Ru, Cu, Ni) after calcination at 400°C in air in the WGS reaction in temperature range 200-420°C are shown in Fig. 4 . It was observed that the CO conversion increased with an increasing reaction temperature for all systems. CO conversion in the case of Cu and Ni supported catalysts decreased above 300 and 400°C, respectively. The highest activity had 20% Cu/ZnAl 2 O 4 at 300°C, whereas ruthenium catalyst exhibited the highest value of CO conversion above 90% at 400°C.
The influence of preliminary reduction of various metal supported catalysts on catalytic activity in WGS reaction is given in Fig. 5 . The activity tests clearly show that the activation process leads to the increase of the CO conversion only in the case of copper supported catalyst, which contained above 90% CO conversion at 250°C [23, 24] .
TPR results carried out for copper catalyst confirmed that the reduction process led to formation of active species Cu 0 and Cu + on the support surface. Reduction results and activity tests confirmed that Cu 0 and Cu + species played an important role in the WGS reaction. WGS is catalyzed via a reduction-oxidation mechanism between Cu 0 and Cu + species on the catalysts surface. Cu + sites chemisorbed CO during reaction, after which the CO was oxidized to CO 2 consequently creating Cu 0 species. Newly created Cu 0 centres were reoxidized by H 2 O, supplied from reaction mixture and then formed Cu + species and gaseous hydrogen [25, 26] . In the literature, there are generally two mechanisms for WGS reaction. The first one, Redox mechanism, assumes that formate species formed during the reaction undergo decomposition resulting in CO 2 and H 2 [27] [28] [29] [30] [31] . According to the Redox mechanism, active centers present on the catalysts are oxidized by H 2 O supplied from reaction mixture according to the following equation: H 2 O + * → H 2 + O*, followed by surface reduction, CO + O* → CO 2 + * [30] .
The second associative mechanism [28, [32] [33] [34] [35] ] assumes a reaction sequence including formation of formic acid as an intermediate, in order to account for the apparent bifunctionality of the supported catalyst systems. Grenoble et al. [28] reported that WGS reaction occured at two different sites, the metal centers activating carbon monoxide and the second principal sites situated on support material for water activation.
The lower value of CO conversion of Pd metal supported catalyst after reduction at 350°C in pure hydrogen in comparison to copper catalysts can be explained by intermetallic PdZn compound formation. The formation of PdZn intermetallic compound is a result of interaction between Pd species with support of ZnAl 2 O 4 .
Sekine [36] et al. studied Pd and Pt catalysts supported on LaCoO 3 and they reported that reduction of the support decreased the CO conversion. On the other hand, Pd/LaCoO 3 showed stable activity for the WGS reaction. The interaction between Pt or Pd, and the support promotes the WGS reaction. Hilaire et al. [37] investigated the water-gas-shift (WGS) reaction on various monometallic Pd, Ni, Fe, Co catalysts supported on ceria and Pd catalyst supported on silica. The activity measurements carried out in WGS reaction showed that Pd and Ni catalysts were much more active than either Co/ceria or Fe/ceria. Additionally, the Pd/ceria system displayed much higher activities than either ceria alone or Pd/silica, demonstrating a cooperative effect between Pd and ceria. The authors [37] assumed that mechanism for the WGS reaction involves a redox process. According to redox mechanism, support (ceria) is being oxidized by water, after which oxygen gets transferred to the metal phase to react with adsorbed CO [37] [38] [39] .
For 5% Ni/ZnAl 2 O 4 supported catalyst, Ni 2+ species created the structure of NiAl 2 O 4 after calcinations process while additionally small amounts of nickel remained on the catalyst surface as a NiO species. This statement is supported by the small reduction peak situated at about 300°C in the TPR profile recorded for Ni catalyst. After reduction, nickel exists as nickel aluminates because this structure is stable even after activation process during reduction at 350°C in pure hydrogen due to its low reducibility. The lowest activity of 5% Ni/ZnAl 2 O 4 supported catalysts after calcination and reduction process correlates to the fact that only small amount of nickel species dispersed on the support surface are active in the WGS reaction.
In our previous work [40], we tested 20%Cu catalysts supported on semi-reducible binary oxides FeAlO 3 , CrAl 3 O 6 and non-reducible ZnAl 2 O 4 spinel structure in the WGS reaction. We reported that copper catalysts supported on semi-reducible binary oxide exhibited higher activity in the shift reaction. Higher activity of Cu/FeAlO 3 and Cu/CrAl 3 O 6 catalysts can be explained by fact that that the WGS reaction occurs via a bifunctional redox mechanism. In the case of this catalyst, copper species provide the active sites for adsorbing CO and We also performed shift reaction over non-reducible spinel structure and we reported that this system is also active for the WGS reaction. Activity of non-reducible support ZnAl 2 O 4 in WGS reaction results from the fact that the terminal OH groups situated on the surface of spinel structure can probably react with gaseous carbon monoxide, which then results in the formation of formates bridge. Thus produced formates undergo further conversion to gaseous products H 2 and CO 2 in the presence of co-adsorbed water [41, 42] .
Conclusions
Monometallic Pd, Ru, Ni, and Cu supported catalysts were prepared by incipient wetness impregnation method and tested in water gas shift reaction. The experiments used to determine the physicochemical properties and catalytic behavior in the WGS reaction at atmospheric pressures for temperatures varying between 200 and 450°C were performed on monometallic Pd, Ru, Ni, Cu/ZnAl 2 O 4 catalysts. The activity measurements were performed for catalysts after calcinations and reduction, respectively. It is worth noting that only in the case of copper catalyst, the reduction process leads to increased CO conversion. The best catalytic activity in studied reaction had 20% Cu/ZnAl 2 O 4 catalyst which exhibited about 80% CO conversion at 250°C in the case of catalysts which were not reduced before activity tests, and above 90% CO conversion after activation process carried out in 5%H 2 -95%Ar mixture at 300°C. The highest catalytic activity in water gas shift reaction of Cu/ZnAl 2 O 4 system after reduction at 300°C in 5% H 2 -95% Ar mixture, can be probably explained by the higher concentration of Cu + and Cu 0 species which are created on the catalyst's surface during activation process. In the case of Ru, Pd, and Ni supported catalysts, the reduction process leads to decreased CO conversion. The lower activity of palladium catalysts after reduction at 350°C in pure H 2 can by explained by the PdZn intermetallic compound formation.
